We introduce a new method to make gradient index (GRIN) lenses and GRIN lens arrays by exposing diffusion-driven photopolymers using a low-power CW laser. By changing the size and power of the laser beam and the exposure time the index profile of the GRIN lens can be controlled. Combined with the selfdeveloping nature of the photopolymer, this enables rapid "on-demand" printing of arbitrary micro-optics. We also introduce a new form of scanning phase microscopy that is conveniently integrated into the lens exposure hardware, providing accurate process monitoring. [6] , and drop-on-demand ink-jet printing [7] have been developed to manufacture refractive microlens arrays. Photolithography, reflowresist melting, and excimer laser ablation and melting methods involve multiple process steps, making these technologies economical only in large volume. The drop-on-demand printing, UV laser irradiation, and photosensitization can potentially be rapid prototype technologies. However the underlying physical principle of these methods is to use the surface tension of liquid droplets to form spherical lenses, which limits their ability to fabricate arbitrarily shaped lenses. To overcome this limitation we propose and demonstrate a new form of lenslet and lenslet array fabrication that can print complex parts with a large degree of control over the lens parameters.
Gradient index (GRIN) lenses and microlens arrays are important devices in photonics and optoelectronics with a wide range of applications in fiber optic communication, imaging systems, and optical medical devices. Several GRIN lens fabrication methods exist [1, 2] , such as neutron irradiation, chemical vapor deposition (CVD), ion exchange, ion stuffing, and crystal growth. The ion exchange and diffusion technologies can make lenses with a diameter range of 0.5-10 mm and are widely used in current mass manufacturing. However the diffusion process is difficult to control and limits the form factor of the lenses. For example, GRIN lens arrays are not possible.
As the ion exchange method cannot fabricate GRIN lens arrays, microfabrication technologies such as photolithography, reflow-resist melting [3] , excimer laser ablation and melting [4] , UV laser irradiation of doped polymethyl methacrylate (PMMA) [5] , photosensitization [6] , and drop-on-demand ink-jet printing [7] have been developed to manufacture refractive microlens arrays. Photolithography, reflowresist melting, and excimer laser ablation and melting methods involve multiple process steps, making these technologies economical only in large volume. The drop-on-demand printing, UV laser irradiation, and photosensitization can potentially be rapid prototype technologies. However the underlying physical principle of these methods is to use the surface tension of liquid droplets to form spherical lenses, which limits their ability to fabricate arbitrarily shaped lenses. To overcome this limitation we propose and demonstrate a new form of lenslet and lenslet array fabrication that can print complex parts with a large degree of control over the lens parameters.
This new method makes polymer GRIN lenses and GRIN lens arrays by exposing diffusion-driven photopolymers to a low-power CW laser. The absorbed light induces polymerization and monomer diffusion, resulting in a permanent volume index change approximately proportional to the light intensity [8] . This produces GRIN lenses in a single, simple step with no wet chemical processing, similar to waveguides written by a tightly focused laser [9] , but in this case the large spot size induces slow diffusion and thus avoids the complexity of self-trapping. This fabrication method has several promising features: GRIN lenses fabricated with this method can be integrated with other polymer optics (i.e., photopolymer waveguides [10] ); it has the capability to control the index profile of the GRIN lens; and the cost of fabrication equipment and individual parts is low. We also propose a quantitative measurement method using a position sensitive detector (PSD), which is easily integrated with the GRIN lens fabrication platform. This testing system scans the fabricated GRIN lens, acquiring data that are proportional to the derivative of the index profile of the lens. A postprocessing algorithm is employed to calculate the quantitative index profile.
A software-controlled, direct-write system is used to fabricate the GRIN lenses (shown in Fig. 1 ). As the photopolymer employed [11] is photoinitiated with 532 nm light, a frequency-doubled Nd:YAG laser is used as the write beam. This beam, which is controlled with a shutter, is focused at some distance in front of the sample, which is mounted on a highprecision 3D stage. By moving the sample away from the focus the exposure beam size at the sample is conveniently changed. This defocused Gaussian beam geometry is used here as a simple demonstration platform, but more complex beam shaping (e.g., with a spatial light modulator or a transmission mask) can be used for arbitrary lens profiles. With this system we can fabricate GRIN lenses with controllable index profiles by changing the size, power, and exposure time of the writing beam. GRIN lens arrays can be fabricated by a simple step-and-repeat process and the lens position and properties can be changed on demand.
Typical diffusion-driven photopolymers are flexible solids with active components consisting of an initiator that absorbs a fraction of the incident light to form radicals or other initiating species and a monomer that polymerizes by reaction with this photoinitiator. A localized illumination therefore creates a high-molecular-weight polymer in the illuminated region via the consumption of low-molecular-weight monomer units. This local depletion of the monomer causes monomer diffusion into the exposed region, resulting in an area of increased density and refractive index. In the simplest model, this index change is proportional to I ␣ t [8] , where I is the writing beam intensity, t is the exposure time, and ␣ is a fit parameter that describes the initiation kinetics, which can range from 1 / 2 (for ideal radical initiator) to 1 (for ideal cationic initiators) to 2 (for ideal two-photon initiators). In the materials used [11] ␣ is roughly 0.75. After the exposure and diffusion processes have been completed a uniform optical exposure consumes all of the remaining initiator and monomer, leaving a permanent, photoinsensitive part that requires no thermal or wet-chemical process steps. The combination of software-controlled exposure and self-developing material is ideal for rapid prototyping of complex lens profiles.
A differential transmission phase microscope that is easily integrated with the exposure hardware (shown in Fig. 2 ) is used to quantitatively measure the index profiles of the fabricated GRIN lens. After the sample is exposed to the writing beam and a localized index structure begins to develop by polymerization and monomer diffusion, the system is switched to the differential transmission microscope using a longer wavelength laser at which the polymer is minimally photosensitive. This allows the diffusion-driven index development to be monitored before the final fixing step.
In the differential transmission microscope, the collimated HeNe laser beam is focused into the photopolymer sample with a spot size of 20 m. The focus beam is deflected by an angle of dS /dx in the x direction and dS /dy in the y direction where S = n͑x , y͒ L is the optical path delay of the lens. Upon emerging from the sample this deflected beam is Fourier transformed before it arrives at the ON-TRAK model PSM2-45 PSD. With appropriate calibration, this measures the x and y positions of the centroid of the power on the PSD, which are given by
where n͑x , y͒ is the index profile, and p x ͑x , y͒ and p y ͑x , y͒ are the data from the x and y channels of the PSD, respectively. Equation (1) provides two estimates of the index profile with different optical transfer functions. These are combined in the Fourier domain in a manner that maximizes the signal-to-noise ratio, as derived in [12] ,
where n͑k x , k y ͒, P x ͑k x , k y ͒, and P y ͑k x , k y ͒ are the Fourier transforms of n͑x , y͒, p x ͑x , y͒, and p y ͑x , y͒, respectively. We validate this metrology method by measuring several off-the-shelf plano-convex singlet lenses: the measured optical path delay profiles agree with the known surface profiles to within an experimental error of about 1%. Generally, this phase microscope is slower than an imaging interferometer, but it is naturally integrated into the fabrication setup for convenient process monitoring and can be optimized for small parts that are often difficult in commercial interferometers. The 1 mm thick photopolymer is sandwiched between two 1 mm glass slides to create a part that is initially optically flat. The exposure power, exposure beam diameter and exposure time at the sample are in the range of 5 to 30 W, 20 to 1000 m, and 1 to 30 s, respectively, to fabricate structures with peak index change of the order of 10 −3 . After exposure, the samples are kept in the dark for several days, as the polymerization process and the monomer diffusion continue after exposure. The diffusion process can be accelerated with heat, but for simplicity this is not done here. Finally incoherent light is used to cure the entire sample, which consumes all of the remaining photoinitiator and polymerizes the remaining monomer. This makes the index structure permanent and insensitive to light. Figure 3(a) shows the measured index profile of a fabricated GRIN lens with peak index change of ⌬n = 4.4ϫ 10 −3 . Figure 3 (b) shows x and y cross sections with a parabolic fit to the measured index profile. The numerical aperture (NA) of a parabolic GRIN lens is given by NA= ͱ ͑n 0 + ⌬n͒ 2 − n 0 2 [13] , where n 0 = 1.481 is the bulk refractive index, yielding NA = 0.114 and the corresponding focal length of the GRIN lens with a thickness of 1 mm is about 10 mm. Similar calculations using the measured index profiles of GRIN lenses with the exposure power, exposure beam diameter, and exposure time in the range of 5 to 30 W, 20 to 1000 m, and 1 to 30 s demonstrate the capability to create GRIN lenses with a NA between 0.05 and 0.13 and a diameter from 40 to 1000 m.
This process can be repeated with a motion stage under computer control to make GRIN lens arrays. Figure 4 shows the phase image of one GRIN lens array taken using a differential interference contrast (DIC) microscope and the measured index profile of this GRIN lens array using the differential transmission phase microscope.
Existing holographic photopolymers optimized for low shrinkage of ϳ0.1% have M / # as high as ϳ40 in 1 mm of material [11] . M / # is a parameter that succinctly characterizes the dynamic range performance of a recording material and can be expressed as M / # =L ⌬ n / , where ⌬n is the peak-to-valley index change and L is the material thickness. These holographic photopolymers can achieve a peak-to-valley index change of roughly 0.01 in the visible. Materials with ten times the index change are reasonable, although shrinkage will almost certainly be greater [11] . In the thin paraxial limit this range of index change enables lenses with a NA of up to 0.5 at diameters up to 1 mm. This range is comparable with existing technologies described earlier.
In summary, this Letter has presented a new fabrication method for GRIN lenses and GRIN lens arrays using diffusion-mediated photopolymers exposed with a low-power cw laser. A quantitative testing method demonstrated to have an experimental error of about 1% is employed to test the fabricated lenses. Parabolic fits to the measured index profiles demonstrate the capability to create GRIN lenses with a NA between 0.05 and 0.13 and a diameter from 40 to 1000 m. The lithography method uses simple inexpensive hardware with integrated metrology. The materials are inexpensive and selfdevelop with no wet-chemical processing. The combination provides simple and direct control over lens index profiles via optical exposure pattern, which makes this method appropriate for rapid prototyping of GRIN lenses and GRIN lens arrays. 
